INTRODUCTION
Many micro-organisms secrete cellulases under appropriate conditions, thereby allowing the utilization of cellulose as a carbon source. The rate of cellulolysis for a given organism is limited by several factors, including the nature and amounts of the enzymes secreted, the sensitivities of the enzymes to end-product inhibition, and the nature of the cellulosic substrate. Consequently, the rate of degradation of cellulose may be increased in a variety of ways. Pretreatment of natural materials such as sawdust and straw can render the cellulose within them more susceptible to cellulases (Millett et al., 1976) . Alternatively, mutants with an improved ability to degrade cellulose can be isolated from a given organism. In strains of Cellulomonas, for example, mutants have been isolated which are more efficient than the parent strains in the degradation of crystalline cellulose. These can be resistant to catabolite repression (Stewart & Leatherwood, 1976) , end-product inhibition (Choudhury et al., 1980) , or can produce increased levels of cellulases (Choi et al., 1978) .
Gene cloning affords another approach to increasing cellulase production. In theory, substantial increases in enzyme levels should be possible by this means. The cellulase systems produced by different organisms vary in their efficiency either because of the catalytic properties of the enzymes themselves or because of the proportions of the different enzymes within a given system. Gene cloning would allow the construction of strains producing altered Enzyme assays. Cellulase activity was assayed by measuring the reducing groups released from CM-cellulose (Stewart & Leatherwood, 1976) . Reaction mixtures contained 0-5 ml of appropriately diluted enzyme preparation and 1.0 ml 4% (w/v) CM-cellulose in 50 a-sodium/potassium phosphate buffer, pH 6.8. The reactions were stopped by the addition of 1.5 ml 3,5-dinitrosalicylic acid reagent (Miller, 1959) . The tubes were covered and placed In boiling water for 15 min. The absorbance values at 550 nm were read against blanks containing equivalent amounts of boiled enzyme. Glucose equivalents were obtained by reference to a standard curve. One unit of enzyme released reducing groups equivalent to 1 pg glucose min-l . Proteinase activity was measured by the hide powder blue assay (Rinderknecht et al., 1968) .
Electrophoretic ana/ysis of culture supernatants. Cells and undegraded Avicel were removed from cultures by centrifugation for 20 rnin at lOOOOg and 4 "C. The supernatants were concentrated by ultrafiltration through Amicon PMlO membranes. Samples were electrophoresed in either non-denaturing (Jovin et al., 1964) or SDScontaining (Laemmli, 1970) polyacrylamide slab gels 1-5 mm thick. Two-dimensional gels were run according to the procedure of O'Farrell(l975) except that the first dimension was a non-denaturing 6% (w/v) polyacrylamide slab gel. Gels were stained for protein with Coomassie blue (Schleif & Wensink, 1981) and for glycoproteins with fuchsin (McGuckin & McKenzie, 1958; Zacharius et al., 1969) . Cellulase activity in a gel was detected as follows: a lane was excised from the gel and cut into 2 mm slices; each slice was incubated with 0.5 ml50 mM-phosphate buffer, pH 6.8, and the eluates were assayed for CM-cellulase activity as described above.
Binding ofproteins to concanavalin A-Sepharose. The supernatant from a 250 ml culture grown for 3 d on 0.1 % Avicel was concentrated 100-fold by ultrafiltration through an Amicon PMlO membrane. A 0.15 ml sample of the concentrate was applied to a column (1.5 x 3.0 cm) of concanavalin A-Sepharose 4B (Pharmacia). The column was washed with 10 column volumes of 20 mM-Tris/HCl, 50 mM-NaC1, pH 7.4. The washings were concentrated by ultrafiltration to give fraction 1. Proteins bound to the column were eluted with 60 mlO.1 M-a-methylglucoside in the same buffer. The eluate was concentrated to give fraction 2.
Release of substrate-bound enzymes. A 1 litre culture grown on Avicel for 6 d was left at 4 "C overnight. The supernatant was decanted and the Avicel was resuspended in 1 litre of ice-cold 10 mM-Tris/HCl, pH 7.0. The Avicel was allowed to settle for 2 h at 4 "C. The supernatant was decanted and the Avicel was resuspended in 500 ml of ice-cold Tris/HCl, pH 7.0, containing 0.1 %sodium azide (TA buffer). The suspension was centrifuged at 300 g for 5 rnin at 4 "C, and the supernatant decanted. The pellet was resuspended in 200 ml TA buffer, and the suspension was centrifuged at 6000g for 10 rnin at 4 "C. The pellet was resuspended in 200 mi 10 mM-Tris/HCl, 2 M-NaCl, 0.01 % sodium azide, pH 7.0 (TNA buffer), and the suspension centrifuged at 6000 g for 7 rnin at 4 "C.
The supernatant was decanted and saved as the 2 M-NaC1 eluate. The pellet was washed by centrifugation in 200 ml TA buffer and then resuspended in 50 ml10 mM-Tris/HCl, 8 M-guanidine . HC1, pH 7.0 (TG buffer). After 10 rnin at room temperature the suspension was centrifuged at lOOOg for 5 rnin (room temperature). The supernatant was stored on ice, and the pellet was treated twice more with TG buffer as described above. The final pellet was discarded. The TG buffer eluates were combined and diluted to 500 ml with TA buffer. This solution was filtered through a glass fibre filter and concentrated 10-fold by pressure filtration through an Amicon PMlO membrane. The solution was diluted to 500 ml with TA buffer and concentrated again by filtration until a final concentration of less than Monoclonal antibodies to C. fimi cellulases. BALB/c mice were injected subcutaneously with 0.1 ml cellulasecontaining C.Jimi supernatant emulsified in Freund's complete adjuvant. One month later the mice were injected intravenously with 0.1 ml of the supernatant. After a further 3 d, spleen cells were taken for fusion with the SP2/0 myeloma cell line (from Dr T. W. Pearson, University of Victoria, Victoria, B.C., Canada) that is sensitive to M-guanidine was obtained. medium containing hypoxanthine, aminopterin and thymidine (HAT). Polyethylene glycol-mediated fusion was performed by standard methods (Oi & Herzenberg, 1980) , and hybrid cells were selected on medium containing HAT in 2 ml cultures. When growth was evident, the supernatants were tested using the ELISA method for antibodies binding specifically to cellulase-containing supernatants. Supernatant from a C. $mi culture grown for 3 d on 0.2% Avicel was diluted to 100 pg protein ml-l in sodium carbonate buffer pH 9.0. ELISA plates were coated with this preparation by incubation overnight at 4 "C. This plate coating had previously been shown to be optimal for the titration of rabbit antisera to the cellulase-containing supernatant. The binding of the monoclonals to proteins eluted from native PAGE gel slices was assessed by an analogous radioimmunoassay technique. Plates were coated with 10 pg protein ml-l in carbonate buffer as above and the bound monoclonal antibodies were detected with 251-labelled F(ab'), rabbit anti-mouse Ig. The plate coatings gave comparable positives for each antigen when a polyclonal rabbit antiserum was used. Positive cultures were cloned by limiting dilution and reassayed. Positive clones were recloned by limiting dilution.
Preparation of immunoadsorbent column. Ascites fluid containing monoclonal antibody A2136.17.2 was precipitated with ammonium sulphate then resuspended and dialysed against 0.1 M-sodium borate buffer, pH 8.2. Dialysed material (2 ml) was cross-linked with dimethyladipimidate to 0.4 g Protein A-Sepharose C 1-4B (Pharmacia) in 5 ml 0.1 M-sodium borate buffer, pH 8.2 (Schneider et al., 1982) . The immunoadsorbent was packed into a column (1.0 x 1.5 cm) and washed exhaustively with PBS (137 mM-NaC1, 2.7 mM-KC1, 1-7 mM-KH,PO, and 8 ~M -N~, H P O , ) , pH 7.4, followed by 30 ml 0.1 M-NH,OH. The column was equilibrated with PBS, pH 7.4. Concentrated culture supernatant (0.1 ml) was loaded onto the column, and after 2 h at room temperature, unbound protein was washed through with 10 ml PBS, pH 7.4, followed by 5 ml distilled water. Bound proteins were eluted with 10 mlO.1 M-NH,OH. The eluate was lyophilized immediately and the residue resuspended in 50 mhi-phosphate buffer, pH 6.8.
RESULTS
Effects of substrate on the cellulase system Non-denaturing PAGE of concentrated supernatants from C. Jimi cultures revealed a complex mixture of proteins. Assay of gel slices revealed up to 10 discrete regions with CMcellulase activity. The activity profiles of supernatants from cultures grown with CM-cellulose or Avicel were different (Fig. 1) . Because we are interested in enzymes acting on insoluble cellulose, we chose to work primarily with cultures grown on Avicel.
The CM-cellulase activity in culture supernatants declined at Avicel concentrations above 0.2%, and was virtually undetectable at concentrations above 1-2% (Fig. 2) . However, the protein concentrations in supernatants were similar at all concentrations of Avicel tested (Fig. The lack of CM-cellulase activity in the supernatants from cultures grown with 5 % (w/v) Avicel was probably the result of adsorption or binding of the cellulases to excess Avicel. Supernatants from a culture grown with 0.1 % Avicel lost 35-70% of their CM-cellulase activity when they were shaken with 5 % Avicel for 20 h at 30 "C. The binding under these conditions was selective as revealed by non-denaturing PAGE (Fig. 3) .
2).
Effects of culture age and storage on the cellulase system Total CM-cellulase activity in the supernatant increased throughout a 9 d incubation of a culture, but the rate of increase was not constant. Significantly, the amount of protein in the supernatant increased by only 25% from 3 to 9 d after inoculation, whereas the CM-cellulase activity increased by 100% (Fig. 2 , curves for 0.2% Avicel).
The activity profiles varied with culture age, and there were corresponding changes in the polypeptide profiles (Fig. 4) . Analysis of culture supernatants by two-dimensional gel electrophoresis revealed that there were multiple polypeptides in the non-denaturing gel bands. The major bands at the top of non-denaturing gels shifted to slightly more mobile bands as the cultures aged (Fig. 4) . This was visualized in two-dimensional gels as a loss of a 56000 Dal component and an increase in a 45000 Dal component. The 6 d culture supernatant showed this transition, because it had components observed in both 3 d and 9 d culture supernatants.
The total CM-cellulase activity of a given supernatant remained constant during several months storage at 4 "C, although there were changes in the protein and activity profiles. The changes in both profiles involved the conversion of slow-moving to faster-moving components. One culture was grown for 3 d with 0.1 % Avicel (panel 1); another culture was grown for 3 d with 0.1 % CM-cellulose (panel 2). The cell-free culture supernatants obtained by centrifugation were concentrated by ultrafiltration. Samples of 35 p1 were electrophoresed in a 6% non-denaturing polyacrylamide slab gel 1.5 mm thick. After electrophoresis, one lane was excised from the gel and cut into 2 mm slices; each slice was eluted with 0.5 ml 50 mhl-phosphate buffer, pH 6.8. The eluates then were assayed for CMcellulase activity (panel A). A second lane was stained with Coomassie blue and scanned for protein (relative units; panel B).
These changes were prevented by the addition of a serine proteinase inhibitor, phenylmethylsulphonyl fluoride (PMSF), an indication that they were at least partly the result of proteinase activity. Analysis of the supernatants by SDS-PAGE showed also that storage resulted in the conversion of higher molecular weight polypeptides to lower molecular weight products.
Proteinase activity in C . $mi culture supernatants The observed changes in the polypeptide and CM-cellulase activity profiles could have resulted from limited proteolysis. CelluZomonas$mi culture supernatants contained proteinase activity, and there appeared to be a relationship between the production of the cellulases and the proteinases, since glucose repressed the synthesis of both activities and cellulose induced them both ( Fig. 2 Appearance of CM-cellulase activity during culture growth. Cultures were grown with different concentrations of Avicel. Samples were removed at intervals; cells and residual Avicel were removed by centrifugation. The supernatants were concentrated by ultrafiltration. Then they were assayed for protein and CM-cellulase activity, which is expressed as pg glucose equivalents released min-* ( Glycosylated proteins in C. $mi culture supernatants Many enzymes, including some cellulases (Beguin & Eisen, 1978; Gum & Brown, 1977; Berghem et al., 1976) are glycosylated. Culture supernatants of C.$mi contained glycoproteins, some of which corresponded to regions of cellulase activity in non-denaturing gels, but there were no glycosylated proteins in the region of the gel corresponding to the more mobile CMcellulase activities. This was confirmed by passage of a concentrated culture supernatant through a column of concanavalin A-Sepharose. The components of the system binding to the lectin corresponded to the slower-moving CM-cellulase activities.
Substrate-bound enzymes
Cellulases, including some of those from C.$mi (Beguin & Eisen, 1978) , bind tightly to the substrate. The lack of activity in supernatants from cultures grown with concentrations of Avicel greater than 1 % (Fig. 2) suggested that all the components of the C.$mi complex could bind to the substrate.
The residual substrate in cultures grown for 6 d with 0.2% or 5 % Avicel was washed free of cells and culture supernatant. CM-cellulase activity released from the Avicel with 8 Mguanidine. HCl was compared to activity in the culture supernatant by non-denaturing PAGE. A major and a minor band of activity, corresponding to a major and a minor band of protein, were released from the Avicel from the 0.2% culture (Fig. 5 ) ; the supernatant contained the usual complex mixture of proteins and activities. The same active bands were released from the Avicel from the 5% culture, again corresponding to two protein bands. The supernatant from the 5 % culture contained very little activity, but the activity profile again was much more complex than that of the substrate-bound activity.
Antigenic relatedness of CM-cellulase activities in culture supernatants
Monoclonal antibodies were raised against a supernatant from a 3 d culture grown on 0.2% Avicel. The antibodies were tested for their capacity to bind the bands of CM-cellulase activity obtained from non-denaturing gels. Radioimmunoassay plates were coated with the proteins recovered from gel slices adjusted to 10 pg ml-1 in carbonate buffer, pH 9-0. A series of monoclonal antibodies was then tested for binding to these antigens as assessed by the binding of an iodinated second antibody, the F(ab'), fragment of rabbit anti-mouse Ig. removed by centrifugation. One half of the supernatant was concentrated 100-fold by ultrafiltration. The other half was shaken gently with 5% Avicel for 20 h at 30 "C. The Avicel was removed by filtration and the filtrate concentrated 100-fold by ultrafiltration. Both samples were screened by PAGE as described in the legend to Fig. 1 ; In each case, A shows the sample treated with Avicel, and B the untreated sample. The monoclonal antibodies showed marked specificity for one or more of the cellulase bands ( Table 2) . The binding of a single monoclonal antibody to more than one fraction indicated that these fractions shared similar or identical antigenic determinants. It was unlikely that this relatedness was attributable to cross-contamination of adjacent bands. Monoclonals A2/24.22.10 and A2/36.17.2 reacted only with band 6/7, whereas A2/25.29.5 reacted with both fractions 6/7 and 8; A2/41.8.15 bound to fraction 8 but not to fraction 6/7. The wide crossreactivity of A2/37.9.18, which bound to all of the fractions except band 2, was particularly interesting because it indicates a conserved structure, perhaps related to the site of enzyme activity. Each of the monoclonals shown was tested on several unrelated antigens (bovine serum albumin ; keyhole limpet haemocyanin) and showed no non-specific binding. Assay conditions were optimized using rabbit antiserum to detect the individual cellulases bound to the plates. The anti-mouse Ig second antibody was used under conditions previously shown to detect nanogram levels of mouse Ig. Immunoadsorbent columns were known to bind the cellulase activity in C.$mi culture supernatants quite specifically (Whittle et al., 1982) . An immunoadsorbent column prepared with monoclonal antibody A2/36.17.2 retained 55 % of the CM-cellulase activity from the 3 d supernatant of a 0.1 % Avicel culture and 25% of the activity from the 9 d supernatant. The adsorbed material was heterogeneous (Fig. 6 ), indicating that several polypeptides with CM-cellulase activity shared the 6/7 determinant recognized by the monoclonal antibody, or that other polypeptides associated with a polypeptide(s) carrying the determinant.
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DISCUSSION
The cellulase system of C.$mi appears to be complex. Supernatants of cultures grown with Avicel as carbon source contain up to 10 components with CM-cellulase activity, as defined by the bands of activity recovered from non-denaturing polyacrylamide gels. The activity profiles vary with substrate and even from culture to culture with the same substrate (compare Figs 1 and  4) . If each band of activity were to represent a discrete gene product, successful reconstruction of the system by gene cloning would be an awesome task.
However, the results presented in this paper make it clear that the C.$mi cellulase system is much simpler than indicated by the activity profiles; they lead us to propose the following working outline for the system. It contains no more than three or four components, at least two of which are glycosylated. These enzymes bind very strongly to Avicel, and are stabilized by this substrate. Once the substrate concentration falls below a certain level, newly synthesized enzymes do not bind to the residual substrate and some bound enzyme is released by digestion of the substrate or by proteolysis. Enzyme which is free in the supernatant is unstable and can be altered by proteolysis and by de-glycosylation. This results in a diversity of products, some of which are still enzymically active but reduced in their substrate affinity. These alterations cause the variations in the activity profiles of the supernatants from different cultures, as well as the changes seen during incubation of a single culture. All the results are consistent with this proposal. Three cellulases have been described for a different strain of C.$mi: two of these are glycosylated and bind strongly to cellulose (Beguin & Eisen, 1978) . The cellulase system from Pseudomonas jlwrescens var. cellulosa also contains, three cellulases, and these are all glycosylated (Yamane et al., 1970) .
The immunological data are consistent with the conclusion that the diverse CM-cellulase activities in the supernatants are determined by a small number of structural genes. The extracellular cellulase system of Streptomyces antibioticus may be similar in this regard. This organism produces five electrophoretically distinct endocellulases, three of which are immunologically related (Enger & Sleeper, 1965) . In the accompanying paper (Gilkes et al., 1984) we describe the isolation and characterization of further clones of E. coli carrying C.$mi cellulase genes. The clones characterized so far are of only three types, each of which determines the synthesis in E. coli of a different cellulase. This observation lends weight to the conclusion that the cellulase complex of C.Jimi is determined by very few structural genes.
It is possible that the substrate-bound enzymes represent the most active forms of the C.fimi cellulases. We are determining the specific activities of the various cellulases obtainable from this organism, and we are attempting to determine the relationship of the bound enzymes to both the free enzymes and to those synthesized by the E. coli clones. The extent and nature of glycosylation of the various components is an especially intriguing point, since electrophoretic mobility is known to be affected by glycosylation. We are also determining the nature and function of the protein bound to the substrate in 5% Avicel cultures which does not have CMcellulase activity.
The cellulase systems from other micro-organisms frequently appear complex. The properties of the C.Jimi system suggest that the complexity of at least some of the other systems may well be more apparent than real.
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